The diversity of Bradyrhizobium strains nodulating three cowpea (Vigna unguiculata L. Walp.) cultivars in favorable and water-limited conditions occuring at flowering was analysed. PCR-Restriction Fragment Length Polymorphism (PCR-RFLP) analysis of 16S-23S rDNA intergenic spacer region (IGS) directly applied on 85 crushed nodules distinguished four genetic profiles, IGS types I, II, III and IV. The distribution of these IGS types according to water conditions and cowpea cultivars (B-21, TN 88-63 and Mouride) showed that nodulating strains appeared more diverse in water-limited condition. More than three quarters of prospected nodules presented the IGS type I. They were formed on all three cultivars and in both water conditions. Only a small part of nodules was distributed between the IGS type II, III and IV. Nodules showing the IGS types II and III were found mainly in limited conditions on TN 88-63 and Mouride cultivars, whereas nodules presenting the IGS type IV were collected only from cultivars B-21 and Mouride, in both water conditions. Strains corresponding to the different profiles were isolated. The phylogenetic analysis of 16S rRNA gene sequences showed that they belong to the genus, Bradyrhizobium. The sequence analysis of 16S-23S rDNA IGS revealed that the strains exhibiting IGS types II, III and IV were closely related to some Faidherbia albida isolates from Senegal. IGS type II can be assigned with at least 98% similarity to Bradyrhizobium genospecies IV. IGS types III and IV showed more than 96% similarity with genospecies VII and could belong to the same genospecies. IGS type I, the most frequent, exhibits low IGS similarity with reported sequences in the databases, and could represent a new genospecies.
INTRODUCTION
Cowpea (Vigna unguiculata (L.) Walp.) is one of the earliest plants cultivated by man. In the Sahel region, it is an important grain legume crop for rural populations. It is used as vegetable, fodder, and textile resources. In Senegal, it is essentially cultivated for fresh or dried seeds and it plays a considerable role in the nutritional and economical balances of these populations.
Cowpea is particularly adapted to regions of limited rainfall. In Senegal, about 90% of the cultivated areas *Corresponding author; phone: (221) 849 33 19, fax: (221) 832 16 75, e-mail: Tania.Wade@ird.sn are concentrated in the North and the Center-North parts, corresponding to the driest regions of the country. Cowpea is grown the rainy season. However, insufficient rainfall or irregular distribution can result in a decrease of yield. It was reported that cowpea is likely to drought during the period of nodulation and to a lack of moisture at mid-cycle before the flowering phase (Zablotowicz et al., 1981) .
The low moisture content of the semi-arid soils limits the biological nitrogen fixation (Obaton, 1992; Sprent, 1976) . Aridity can affect symbiotic partners, plant and rhizobium. The possibility of selecting V. unguiculata rhizobial strains according to their capacity to recover from water stress has been investigated. However, as for other plant species, it appears that the introduction of selected strains has often no effect on the growth of cowpea, because of the non-specificity of the bacteria, the occurrence and the resistance to stress of ineffective indigenous rhizobia strains in soils (Figueiredo et al., 1999) . In fact, Thies et al. (1991) observed that in all sites of sampling on the island of Maui (Hawaii) indigenous bradyrhizobia isolated from cowpea nodules were more effective than the reference strains. Also on soybean, Hunt et al. (1988) found that several indigenous strains of Bradyrhizobium japonicum were superior inoculants than commercial strains under drought conditions. Rhizobial populations in tropical soils represent an important reservoir from which superior strains adapted to environmental stresses such as drought can be selected (Aurag and Brhada, 1995; Mpepereki et al., 1997) . The efficient exploitation of biological N 2 fixation to improve the agricultural productivity requires that the population of native rhizobia to be adequately characterized.
Cowpea rhizobia were first classified in an heterogeneous group of slow-growing rhizobia nodulating promiscuous tropical and subtropical legume species known as 'cowpea cross-inoculation group' (Allen and Allen, 1981) . They were later transferred to the genus Bradyrhizobium. Currently this genus contains three named species, B. japonicum (groups I and Ia), B. elkanii and B. liaoningense (Hollis et al., 1981; Jordan, 1982; Kuykendall and Saxena, 1991; Xu et al., 1995) . Most of the strains belonging to these species have been isolated from or are associated to Glycine nodules. Many other rhizobia isolated from other legume hosts have been assigned to Bradyrhizobium (Barrera et al., 1997; Doignon-Bourcier et al., 1999; Dupuy et al., 1994; Molouba et al., 1999; Vinuesa et al., 1998; Zhang et al., 1999) . Recently Willems et al. (2001) showed, on the basis of DNA-DNA hybridizations and 16S-23S rDNA IGS sequence analysis, that Bradyrhizobium consists of a group of four highly related genospecies (B. japonicum, B. liaoningense and two other genospecies), and at least three other genospecies, one of which is B. elkanii.
We report here the genetic characterization and phylogeny of indigenous rhizobial populations isolated from cowpea cultivated in Senegal under favorable and water limited conditions occuring at flowering, a situation frequently occuring in Senegal. 85 nodules were analyzed by PCR-Restriction Fragment Length Polymorphism (PCR-RFLP) of 16S-23S rDNA intergenic spacer region (IGS) directly on DNA extracted from crushed nodules. Strains corresponding to the different profiles were isolated, and their phylogenetic positions determined by 16S rDNA and 16S-23S IGS sequence analysis.
MATERIALS AND METHODS
Field experiment: The experimental site was located in Bambey (14° 42' N, 16° 28' W), Senegal, in experimental stations of CNRA (Centre National de la Recherche Agronomique) during the dry season of 1999. The experimentation was carried out with three cultivars of cowpea: Bambey 21 (B-21), Mouride and TN88-63 (TN). The variety B21 has a mean vegetative cycle of 60 days, while it is 65-70 days for TN88-63 and Mouride (Sarr et al., 2001) . Plants were subjected to two water treatments: favorable and deficit conditions during part of their vegetative growth. The trial was done in a randomized complete block designed with 24 plots of 6.5 m X 6.5 m (three blocs and four replications per treatment). Soil was sandy, pH 6-6.5 (vernacular name dior-modal), and had never been inoculated with rhizobial strains.
After ploughing, the sowing was carried out on March 19th in humid soil using three seeds per poquet with space of 0.25 m between poquets and 0.5 m between rows. Ten days after emergence 150 kg/ha of mineral fertilizer N-P-K (6-20-10) was applied. During cultivation, one herbicide treatment, dimethoat (300 g/l, 1.2 l/ha) was applied twice to flight infections of aphid and thrips. The plants were watered by sprinkling irrigation every three to five days. The water limitation was introduced 32 days after sowing at flowering initiation stage by stopping irrigation for 20 days.
Treatment of nodules:
Nodules were collected 57 days after sowing. Two plots per treatment were evaluated. Nodules from three plants per plot were harvested and stored in collecting tubes containing CaCl2 (Date, 1982) . Soil samples were collected at 5-20 cm depth in the vicinity of plants and stored in plastic bags at 4 °C. Before analysis each nodule was treated individually. Nodules were rehydrated in sterile water and surface sterilised by immersion in 3.3% (w/v) Ca(OCl)2 for 3 min, and rinsing in sterile water. This was followed by a second immersion in 96% ethanol for 2 to 3 min and rinsing in sterile water. From this stage the nodules were manipulated aseptically. Each nodule was crushed in 300 µl of sterile water with plastic pestle sterilised in 96% ethanol in a 1,5-ml Eppendorf tube. One aliquote of 50 µl of crushed nodule was mixed with 50 µl of 40% v/v Glycerol and stored for futher bacterial isolation.
DNA extraction: 150 µl of 2X CTAB/PVPP buffer (0,2 M Tris-HCl, pH 8; 0,04 M EDTA pH 8; 2,8 M NaCl; 4% w/v CTAB (hexadecyltrimethylammonium bromide); 2% w/v PVPP (polyvinylpolypyrrolidone)) was added to 150 µl of crushed nodule. The homogenate was incubated at 65° C for 60 min and centrifuged for 10 min at 15000 x g to remove cellular debris. Supernatant was then extracted with an equal volume (300 µl) of phenol-chloroformisoamyl alcohol (25:24:1 v/v/v) and centrifuged for 15 min at 15000 x g. DNA from the aqueous phase was purifed from phenol with 300 µl of chlorophorm-isoamyl alcohol (24:1 v/v) and centrifuged for 15 min at 15000 x g. Supernatant was centrifuged one more time for 5 min. DNA from the aqueous phase was precipitated overnight at -20° C with the addition of 0.1 volume of sodium acetate and 2.5 volumes of absolute ethanol. The samples were centrifuged for 30 min at 13000 rpm at +4° C. The resulting DNA pellet was washed with 70% v/v ethanol by centrifugation for 15 min at 13000 rpm at +4° C, vacuum dried, and solubilized in 20 µl of ultrapure water. The purity and the quantity of DNA extracted were estimated by spectrophotometry (Pharmacia Biotech) in the range 200 nm to 340 nm. Bacterial genomic DNA was extracted from 1.5 ml of stationary phase bacterial cultures grown in YM (Yest extract Mannitol medium). Cells were pelleted by centrifugation and resuspended by homogenisation in one volume of 1X CTAB/PVPP buffer. Total genomic DNA was recovered and purified as described above for crushed nodule DNA.
PCR amplification of 16S-23S rDNA spacer region: Two primers FGPS1490-72 (5'-TGCGGCTGGATCCCCTCCTT-3') (Normand et al., 1996) , and FGPL132-38 (5'-CCGGGTTTCCCCATTCGG-3') (Ponsonnet and Nesme, 1994) , were used for PCR amplification. PCR was carried out in 25 µl reaction volume containing 50 ng of pure total DNA extract, one dried bead (Ready-to-Go PCR beads, Pharmacia Biotech) containing 1.5 U of Taq polymerase, 10 mM Tris-HCl, (pH 9 at room temperature), 50 mM KCl, 1.5 mM MgCl2, 200 µM of each dNTP and 1.0 µM of each primer. PCR amplification was performed in GeneAmp PCR System 2400 (Perkin Elmer) thermal cycler adjusted to the following temperature profile: initial denaturation at 95°C for 5 min; 35 amplification cycles of denaturation at 95°C for 30 sec, annealing at 55°C for 1 min, and extension 72°C for 1 min; and final extension at 72°C for 3 min. After electrophoresis of 3 µl on a 1% (w/v) agarose gel in TBE buffer (1.1 w/v Tris-HCl; 0.1% w/v Na2EDTA· 2H2O; 0.55% w/v boric acid), the gel was stained for 30 min in an aqueous solution of ethidium bromide (1 µg/ml) and photographed under UV illumination with Gel Doc (BIO-RAD) software.
Restriction fragment analysis of 16S-23S intergenic spacer region: Aliquots (6 to 10 µl) of PCR products were digested with restriction endonucleases HaeIII and MspI as specified by the manufacturer (Amersham Pharmacia Biotech) with an excess of enzyme (10 U per 20 µl reaction volume) for 2 h. Restricted DNA was analysed by horizontal electrophoresis in 2.5% (w/v) agarose Metaphor R (FMC BioProducts, Rockland, Marine USA). Electrophoresis was carried out at 80 V for 3 h in 11 by 14-cm gels. Gel was stained and photographed as described above.
Sequencing of 16S rDNA and 16S-23S rDNA IGS:
The 16S rDNA of each isolate was amplified using the primers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3') and rD1 (5'-AAGCTTAAGG-AGGTCATCCAGCC-3') (Weisburg et al., 1991) . Products of amplification were purified with a QIAquick PCR purification kit (Qiagen) before sequencing. The purified PCR products were sequenced by Genome Express (Grenoble, France), using primers fD1, rD1, FGPS485-292 (5'-CAGCAGCCGCGGTAA-3'), FGPS1047-295 (5'-ATGTTGGGTTAAGTC-3'), FGPS505'-313 (5'-GTATTACCGCGGCTGCTG-3') (Normand et al., 1996) , MBAS-1 (5'-CGTCATCCCCACCTTCCTC-3') (this study). 16S-23S IGS was sequenced using primers FGPS 1490-72, FGPL 132-38, BR4 (5'-CGAACCGACGACCTCATGC-3') and its antiprimer *BR4 (5'-GCATGAGGTCGTCGGTTCG-3') (Willems et al., 2001) .
The sequences were analyzed with Sequence Navigator software and the double strands were aligned in the consensus sequences with program AutoAssembler (Applied Biosystems, Foster City, CA 94404 USA). GenBank was scanned for related sequences by using the algorithm, BLAST (Altschul et al., 1997) and the closely related sequences found were included in phylogenetic analysis using the CLUSTAL X software (Thompson et al., 1997) . Matrix pairwise comparisons were corrected for multiple base substitutions by the two-parameter method of Kimura (Kimura, 1980) by using the DNADIST program of the PHYLIP package (supply reference). Phylogenetic trees were constructed by the neighbour-joining method (Saitou and Nei, 1987) . A bootstrap confidence analysis was performed on 1000 replicates to determine the reliability of the distance-tree topology obtained (Felsenstein, 1985) . Graphic representation of the resulting trees was done using NJPLOT software (Perriere et al., 1996) .
The nucleotide sequences of the 16S rRNA genes of ORS 3257, ORS 3259, ORS 3260 and ORS 3262 have been deposited in the GenBank database under accession numbers AY039014, AY039015, AY039016 and AY039017, respectively. The nucleotide sequences of the 16S-23S IGS of the same strains have been deposited in under accession numbers AY039018, AY03019, AY039020 and AY03021, respectively.
Isolation of rhizobial strains:
Rhizobial strains were isolated from crushed nodules stored at -20° C in glycerol 20% by streaking onto YMA plates (Vincent, 1970 
RESULTS

PCR-RFLP of 16S-23S rDNA IGS
Nodules were observed on each cultivar and for all treatments. No difference in appearance in the number of nodules per plant was found between treatments (results not shown). PCR amplification of 85 nodules yielded single IGS PCR products ranging from 910 bp to 1034 bp (Table 1) . Digestions with restriction enzymes HaeIII and MspI gave similar pattern. The two RFLP profiles obtained for each nodule allowed for the distribution of the 85 nodules into four distinct restriction patterns named IGS types I, II, III and IV (Table 1 ; Figures 1A and  1B) .
Distribution of PCR-RFLP 16S-23S IGS types according to water conditions and cowpea cultivars
The 85 restriction profiles were grouped according to cowpea cultivars and water conditions (favorable and limited) ( Table 2) . Sixty-nine nodules presenting the IGS type I was formed on all three cultivars and both water conditions. The IGS type II was found only once, within a nodule of a stressed TN 88-63 cultivar. Seven of the eight nodules presenting the IGS type III were formed on TN 88-63 and Mouride cultivars plants under limited conditions. The IGS type IV was observed from one nodule collected on well-irrigated plant of B-21 cultivar The size of the PCR product. c The sizes of bands after digestion. In the field the cultivars were submitted to two water conditions: non limited or limited, induced during vegetal stade by stopping irrigation for 20 days. The IGS types refers to the 16S-23S rDNA IGS PCR-RFLP patterns obtained on total DNA of crushed nodules with the restriction enzymes HaeIII and MspI.
and from six nodules of Mouride cultivar plants either in limited or non-limited water conditions. Nodules with IGS types II, III and IV were always found on plants bearing other nodules exhibiting IGS type I profile.
Isolation of rhizobial strains and analysis of rDNA
Only pure cultures exhibiting profile similar to IGS type II was obtained from rehydrated crushed nodules streaked on YMA. (Figures 1A and 1B) . Strains corresponding to the three other IGS profiles (I, III and IV) were isolated from nodules obtained on axenic seedlings grown in tubes. The pure isolates were deposited in the strain collection bank in Laboratory of Microbiology of IRD (Senegal) under numbers ORS 3257 and ORS 3258 (IGS type I), ORS 3259 (IGS type II), ORS 3260 and ORS 3261 (IGS type III), ORS 3262 and ORS 3263 (IGS types IV). PCR-RFLP of 16S-23S rDNA IGS profiles of two isolates of each IGS types I, III and IV were identical, and enBank database revealed that the four IGS types are ery similar to some Bradyrhizobium strains isolated from this study we characterized an indigenous population f Bradyrhizobium nodulating three cowpea cultivars and water-deficient conditions. Several uthors have demonstrated the discriminating power of 0.01 onships between V. unguiculata bradyrhizobia isolates and reference strains based upo ed as rooted tree using the neighbour-joining method. Sequences accession numbers ar
Azorhizobium caulinodans ORS571(X67221)
Bradyrhizobium elkanii USDA76 T (U36000)
Bradyrhizobium elkanii USDA94(AF208518) G v nodules of F. albida collected in Senegal (Dupuy and Dreyfus, 1992) . Tree topology confirmed that the strains harboring IGS types I and II are related to B. japonicum and B. liaoningense reference strains, whereas the strains IGS types III and IV can be grouped with B. elkanii reference strain (Figure 3) . The strain ORS 3259 (IGS type II) is grouped with F. albida strains belonging to genospecies IV of Willems et al. (2001) . IGS sequences of strains ORS 3260 (IGS type III) and ORS 3262 (IGS type IV) were identical to those of some strains of genospecies VII (Willems et al., 2001 ). The strain ORS 3257 appears to be more different from all the described strains and it formed a separated branch.
DISCUSSION
In o under favorable a PCR-RFLP analysis of 16S-23S IGS regions for grouping genetically related strains (Doignon-Bourcier et al., 2000; Gürtler and Stanisich, 1996; Jensen et al., 1993; Laguerre et al., 1996; Leblond-Bourget and Decaris, 1996; Normand et al., 1996; Vinuesa et al., 1998) . Using this technique, we resolved the cowpea bradyrhizobial diversity in 85 nodules as four genotypes.
Sequence analysis of 16S rRNA gene have also been used frequently for microbial taxonomy, and it is a (ORS 3260 and ORS 3262, IGS types III and IV) species. However, investigation of the evolutionary relationships among Bradyrhizobium species is problematic, because of limited sequence divergence of their 16S rDNA genes. The evolutionary relationships are more resolved when reconstructions are made using sequence divergence of the spacer region between the 16S and 23S rDNA (Mehta and Rosato, 2001; van Berkum and Fuhrmann, 2000; Willems et al., 2001; Zhang et al., 2001) . Using DNA-DNA hybridizations and IGS sequence analysis of 62 bradyrhizobia strains, Willems et al. (2001) showed, that the Bradyrhizobium is comprised at least seven genospecies. The alignements of IGS sequences of the cowpea isolates with related IGS sequences found in GenBank database revealed that they are very closely related some strains isolated from nodules of F. albida collected in Senegal (Dupuy and Dreyfus, 1992) . In Bradyrhizobium genus, strains with at least 96% spacer sequence similarity are considered to belong to the same genospecies (Willems et al., 2001) . Strain ORS 3259, belonging to IGS type II showed at least 98% of spacer sequence similarity within Bradyrhizobium genospecies IV of Willems et al. (2001) and can consequently belong to this genospecies. Each of the strains representatives of the IGS types III and IV revealed more than 96% of similarity with genospecies VII. The strain ORS 3257 (IGS type I), could correspond to a new genospecies due to its lower IGS similarity.
The test of cross nodulation showed that the strains isolated from cowpea nodules nodulated F. albida (Table  3) . Conversely, all the strains isolated from F. albida nodules nodulated the cowpea. Only those grouped wpea strains on the basis of IGS sequences were used. This suggests that in addition to similarity of IGS regions, they probably share nodulation genes.
Using the nitrogen-15 isotope dilution technique, Ndiaye et al., (2000) sorted 16 senegalese cowpea cultivars according to their capacity to fix nitrogen in optimal conditions and showed that cultivar ef sponsible for nitrogen-fixing efficiency. Their results also showed that B-21 was the worse nitrogen fixing cultivar, while Mouride cultivar showed a medium nitrogen fixing potentials. However, cultivar-strain interactions on cowpea are not well known, and cowpea can nodulated by different rhizobial strains (Allen and Allen, 1981; Eaglesham et al., 1987; Thies et al., 1991; Trinick and Hadobas, 1989) . However, cultivar effects on nodule occupancy have been already observed on other plant species including soybean and bean (Balatti and Pueppke, 1990; Douka et al., 1986; George et al., 1987; Josephson et al., 1991; Keyser and Cregan, 1987; Sadowsky et al., 1987; Streeter, 1994 ). It appears that the distribution of the IGS types among cowpea cultivars revealed a specificity of nodulation. The competitive ability of a strain to nodulate a plant host could be modified upon certain environmental conditions. For M d o to be greater in water-limited conditions than in wellirrigated conditions. More than 80% of the evaluated nodules presented the IGS type I and only a small percent exhibited the IGS type II, III or IV. Eleven out of 41 investigated nodules showed IGS types II, III and IV under water-limited conditions, whereas in favorable environment these IGS types were found only in 5 out of nodules. In another investigation, the rare IGS types II, III and IV was found in nodules sampled on 41 sites covering 600 km from the North to the Southeast of Senegal (Wade et al., 2002) . In this study, the water limitation was applied 32 days after seedling. In the field, however, the first nodules appear about ten days after seedling (data not shown). This means that by the time the water limitation started, nodules were already being formed. The abundant nodulation by the IGS type I strain could be explained by its ability to infect in favourable water conditions. Field observation showed that the process of nodulation goes on for at least the first 35 days. Therefore, the water-limited conditions would influence the formation of new forming nodules. In fact, the nodules harboring the IGS types II and III strains were formed mainly in water-limited conditions.
Using the same experimental materials in this study, Sarr et al. (2001) compared the degree of sensitivity to water deficit and found that the water stress actually occured on all three cultivars. According to their results and our data, the respective water sensitivity and drought resistance of these cultivars could be due to vegetative properties towards drought, but also to the identity of nodulating strains. B-21 cultivar, exclusivel strain IGS type I in water-limited condition, is most sensitive of the cultivars. Conversely, Mouride showing a good drought resistance, harbored the greater rhizobial diversity.
In conclusion, it appears that in a single restricted area, cowpea can be nodulated by at least four different Bradyrhizobium strains belonging to three genospecies. The distribution of different IGS types according to water conditions suggests that different behaviours exist among the cowpea rhizobia, and nodulating strains appeared more diverse in water-limited conditions.
